DELAYED HYPERSENSITIVITY TO HAPTEN-PROTEIN CONJUGATES : II. ANTI-HAPTEN SPECIFICITY AND THE HETEROGENEITY OF THE DELAYED RESPONSE by Silverstein, Arthur M. & Cell, P. G. H.
DELAYED  HYPERSENSITIVITY TO  HAPTEN-PROTEIN 
CONJUGATES 
II. ANTI-HAPTEN  SPECIFICITY AND THE HETEROGENEITY OF THE DELAYED 
RESPONSE 
BY ARTHUR  M. SILVERSTEIN,*,~ PH.D.,  AND P. G. H. GELL, M.D. 
(From the Department of Experimental Pathology, University of Birmingham, 
Birmingham, England) 
(Received for publication, January 15, 1962) 
In the preceding paper (1) we have discussed evidence that the specificity of the de- 
layed hypersensitivity reaction in the guinea pig differs  from that of the antibody 
subsequently produced.  Animals sensitized  with guinea pig albumin-hapten conju- 
gates react very much better with the homologous  conjugate than with conjugates of 
the same hapten on other mammalian albumins, and do not react at all with conjugates 
of unrelated protein such as ovalbumin or human ~'-globulin. In contrast, guinea pig 
antibodies,  in  cases  where it was possible  to  test them, reacted  in  a  qualitatively 
similar way whatever the  carrier protein  (see also  Benacerraf and Levine, 2).  The 
conclusion  was drawn from these and other data that a functionally larger antigenic 
determinant controls the specificity of the delayed reactions than that which promotes 
the union of antigen with soluble antibody. Implicit in this approach is the assump- 
tion, made pending the acquisition of more detailed knowledge  of the mechanism of 
the former type of reaction, that the molecular entities which  control both delayed 
and antibody specificity  are qualitatively similar and may legitimately be compared 
with one another in  this way. This does  not involve any further assumption that 
delayed sensitivity is a product of ordinary, 7-globulin antibody which happens to be 
bound in the cell; but only that an antibody-like activity exists. 
In the present work we have investigated the hapten specificity of the de- 
layed reaction with the type of hapten used by Landsteiner (3) and by Pressman 
and  coworkers  (4)  in  their  studies  of  the  antibodies  in  hyperimmune rabbit 
sera. Clearly a direct comparison of the specificity of the two kinds of immune 
reactivity depends upon a  more complete knowledge of guinea pig anti-hapten 
antibodies in the early stages of immunization: investigation of some of this is 
under  way.  In the  meantime,  one  can do no more than  contrast  the  hapten 
specificity of the  delayed reaction  as  shown by these  studies  in  guinea pigs, 
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with that of rabbit antibodies as recorded in the literature, without implying 
any unjustifiable extrapolation to the guinea pig of results obtained on a differ- 
ent species and after a different course of immunization. 
A  natural consequence of a  larger determinant size in the delayed reaction 
would be that  the proportion of the  total binding energy contributed by the 
haptenic moiety would be less in the case of the delayed reaction, where the 
total determinant area is large, than in the case of the antigen-antibody  union. 
One would predict therefore that a minor change in the chemical configuration 
of the hapten would have less effect on specificity in the delayed situation than 
it would have on the union between antigen and soluble antibody. Thus it is 
possible that the delayed reaction would be more specific than that of antibody 
with respect to the total function determinant, but less specific with respect to 
the small haptenic moiety. The first part of this hypothesis was verified in the 
preceding paper (1): the second is the subject of the present communication. 
Materials and Methods 
Antigens.--All  experiments described in this paper were conducted with hapten conjugates 
of guinea pig serum albumin (GpA), prepared as described previously (1). The haptens em- 
ployed were commercial  products which were recrystallized from suitable solvents prior to use. 
The preparation of the intermediates required for conjugation, and the conjugation procedure 
itself, were carried out as before. For convenience of reference, the ortho-, meta-, and para- 
substituted benzoates will be denoted by Xo, X,~, and Xv. In a similar manner, the analogous 
benzenearsonates will be denoted by Ro and Rv, and the benzenesulfonates by Zo, Z~, and Zp 
(a notation used extensively by Pauling, Pressman, and coworkers (see reference 4). 
S~tsitization of Guinea Yigs.--Dilutions of the various protein conjugates were made up in 
complete Freund's adjuvant and injected as described earlier (1). Since previous experiments 
had  suggested that conjugates of the ionic haptens  were somewhat weaker antigens with 
respect to induction of delayed sensitivity than were the non-ionic hapten conjugates, the 
former were employed in sensitizing doses of 50/~g, while 10 ttg of the latter were used. 
Skin Tezting.--8 to 12 days following  sensitization, intradermai injections of the appropri- 
ate antigens were made in 0.1 ml volumes containing l0 gg of antigen. A number of skin tests 
were made simultaneously upon each sensitized animal: in some instances, as many as 10 to 12 
such tests were made at the same time. While it is appreciated that there might exist a slight 
desensitizing effect of 1 test upon other tests run simultaneously, it was felt that only by such 
a testing scheme could a useful comparison be made of the degree of cross-reaction of the 
several conjugates used. 
The skin test lesions were read 18 to 24 hours after the test was performed, the sites having 
been checked 2 to 4 hours after testing to detect signs of Arthus type reactivity. The values 
presented in the Tables represent the average size of the lesions in mm, at least 5 animals 
being employed in each test group. 
Desensitization and Retesting.--After  reading the original skin tests,  desensitization was 
effected on the same day, by intraperitoneal injections of saline solutions of the antigens re- 
quired. 4 to 6 hours later, retesting was done on a new area of the skin. Where several different 
antigens were to be used for the densensitization experiment, the animals were divided for 
desensitization into balanced groups based upon the resnlts of the first skin tests. 
RESULTS 
Anti-ttapten Specificity of the Delayed Hypersensitivity Reaction.--In order to 
be able to assess the nature of the cross-reactions observed in the delayed hy- ARTI4UR M. SILVERSTEIN AND  P. G. H.  GELL  1055 
persensitivity system, and to  compare the results with data obtained on cir- 
culating antibodies, hapten systems were chosen whose interaction with anti- 
body had been well studied in the past.  Among the most extensively studied 
are the ortho-, meta-,  and para-benzoates  (Xo, X~, and X~, respectively), ben- 
zenesulfonates (Zo, Z~, and Zp), and ortho- and para-benzenearsonates  (Ro and 
Rp). Conjugates of these haptens were examined for cross-reactions with their 
several antibodies by Landsteiner (3) in a  semi-quantitative manner, and the 
TABLE I 
Ddayed Hypersensitivlty Cross-Reactions among Conjugates of Homologous Ortho-, Meta-, and 
Para-Substituted Haptens: Azobenzoate (Xo, X,., X1,), Sulfonate (Zo, Z,., Zp), and Arso- 
nate (Ro, R~) 
Guinea pigs sensitized 
to GpA conjugate of 
Xo 
X,, 
p-NCS-benzoate 
Zo 
Zm 
Z~ 
Ro 
R~ 
Homol. 
OgOUS* 
reactio: 
mm 
10.2 
22.0: 
8.6 
15.8 
17.0: 
16.0 
10.0 
8.2 
11.0 
Average skin test response-percentage of homologous  reaction 
x~ 
100 
31 
39 
0 
35 
25 
60 
66 
47 
X,~  Xp 
44  25 
I00  4O 
79  100 
0  0 
46  28 
69  34 
9O  8O 
93  49 
87  78 
p-NCS- 
benzoate 
0 
0 
0 
100 
0 
0 
0 
0 
0 
zo 
71 
47  55 
84  88 
0  0 
100  68 
75  100 
100  80 
130  80 
84  74 
Zm  Z~ 
0  25 
36 
95 
0 
52 
50 
100 
78 
71 
13  29 
28  49 
46  88 
0  0 
42  55 
31  56 
6O  42 
I00  93 
64  100 
* For each homologous reaction the figure gtven represents the average in mm of the skin 
reaction in groups of 5 animals. This was assigned an arbitrary value of 100, and the other 
cross-reactions are given as per cent of the homologous response. 
~t These reactions appeared to have an Arthus component. 
same interactions were later  studied  with  the more  quantitative hapten  in- 
hibition technic by Pressman and coworkers  (4). 
Groups of 5 guinea pigs each were sensitized with 50 #g of the several ortko-, me~z-, para 
systems, coupled by the diazonium linkage to guinea pig albumin. In addition, a group was 
sensitized to X~-thiocarbamido-GpA. 12 days later,  all animal.q  were tested  simultaneously 
with all of the antigen conjugates involved. The results of these tests are presented in Table I 
as the average response of the 5 animals employed in each  sensitization group.  For each 
group, the average diameter of the homologous reaction is given in millimeters in the second 
column. This reaction is then considered arbitrarily as 100 per cent reaction, and the cross- 
reactions (read on the horizontal) are given as percentages of the homologous  response. 
Three points of interest emerge from the data presented in this Table. First, 
it is seen that guinea pigs sensitized with X~-thiocarbamido-GpA  failed in every 
instance to give a  cross-reaction with any of the hapten-azoprotein test anti- 
gens  employed;  conversely,  the  Xp-thiocarbamido conjugate used  as  a  test 1056  ANTI-IZAPTEN  SPECIFICITY 
antigen did not react in animals sensitized to any of the ortho-, meta-,  or para- 
azo conjugates. This is in accordance with the results on the specificity of the 
hapten linkage reported earlier (1), which suggested that the site of attachment 
of the hapten  on the carrier protein played a  major role in establishing  the 
nature of the resulting determinant. 
The second point of interest is that the delayed hypersensitivity mechanism 
is sensitive to the spatial position of the ionic substituent of the hapten. This is 
brought out by the generally greater degree of cross-reaction of the various 
conjugates when the position of the acid group on the benzene ring is the same 
as that used for sensitization. In the main, then, when ortho-substituted haptens 
were used for sensitization, the test antigens gave skin reactions in the decreas- 
ing order ortho >meta  >  para. Animals sensitized with para-substituted  con- 
jugates gave skin reactions in the order para >  meta >  ortho. 
Finally, it will be noted that in almost every case, a greater or lesser degree of 
cross-reaction was observed among all of the azo conjugates employed. Thus, 
benzoates, benzene sulfonates, and benzene arsonates all exhibited some degree 
of mutual cross-reactivity. 
Two comments should be made about the quantitative aspects of this type 
of study of delayed hypersensitivity cross-reactions. While the data with re- 
spect to these cross-reactions allow a general comparison among different hap- 
tens, it is clear that in the absence of a precise knowledge of the dose-response 
curve in this system a quantitative measure of the relative activity of two hap- 
ten conjugates is not possible. Moreover, it should be appreciated that the re- 
sults  are  affected by two  variables  which  make  some  comparisons  difficult. 
Firstly, there exist differences in the ability of the several conjugates to sensi- 
tize guinea pigs. Thus, X~ appears to give an appreciably higher degree of sen- 
sitivity than Xp; this results in the seemingly paradoxical situation wherein the 
X~ test antigen is found to give a larger lesion in X=-sensitized animals than in 
the homologous X~-sensifized animals. Secondly, some conjugates appear to be 
better elicitors of the delayed reaction than are others. This was found to be 
true of the Zo antigen, for example, and leads to the curious result that  the Zo 
antigen gives a better reaction in Ro-sensitized animals than does the homolo- 
gous Ro antigen itself. Despite these anomalies, it is felt that  the results are 
roughly comparable,  and indicative of the general nature of the  specificities 
which control the delayed hypersensitivity mechanism. 
In contrast to the striking effect of ionic groups on the precipitin reaction, in 
which both the nature of the acid groups and their position on the benzene 
ring play a prominent role in antibody specificity, Landsteiner (3) has pointed 
out  that  substitution  of  the  aromatic  nucleus  by non-ionic  groups  has  less 
influence on specificity. To elucidate the specificity of the delayed mechanism 
with respect to cross-reactions with non-ionic haptens, the conjugates benzene- 
azo-GpA  and  ortho-,  meta-,  and  para-nitrobenzeneazo-GpA  were  chosen. ARTHUR M.  SILVERSTEIN AND P.  G.  H.  GELL  1057 
Groups of 5 animals each were sensitized with 10 ~g of each of the  four con- 
jugates mentioned above, and skin-tested with all four antigens 8 days later. 
The results of this experiment are set forth in Table II, in which the average 
diameters of the skin tests are given in millimeters. 
It can be seen that the extent of cross-reaction given by the different com- 
pounds is appreciable, and that once again the position of the substituent on 
the benzene ring is an important factor in determining the specificity of the 
reaction. Again, ortho-sensitised animals gave skin tests in the decreasing order 
ortho  >meta  >  para;  meta-sensitization  resulted  in  the  response  meta> 
para  >  ortko; animals sensitized to the para conjugate gave reactions in the 
order para  >meta  >  ortho.  In each case, the unsubstituted benzeneazo con- 
jugate  yielded a  stronger cross-reaction than  either of the  other  two nitro- 
substituted test antigens, although of course not as strong as the response given 
TABLE II 
Ddayed  Hypersensitivity Cross-Reactions among Conjugates of Substituted Nitrobenzeneazo- 
and Benzeneazo--GpA 
Sensitizing antigen-GpA conjugate of 
Ortho-nitrobenzeneazo ............ 
Maa-nitrobenzeneazo ............ 
Para-nitrobenzeneazo ............ 
Benzeneazo ..................... 
Skin test anfigen--GpA  conjugate  of 
Ortho-nitro- 
benzeneazo 
14.8 
2.2 
4.4 
6.4 
M aa-nJ tro- 
benzeneazo 
8.4 
11.0 
6.8 
7.6 
Para-nitro- 
beuzeneazo 
7.4 
4.6 
12.2 
7.6 
Benzeneazo 
8.6 
6.6 
8.6 
14.4 
by the homologous antigen. In animals sensitized to the benzeneazo conjugate, 
all three of the nitro-substituted antigens cross-reacted fairly well, the para and 
meta being about equal, and somewhat stronger than the ortho. Once again, since 
the degree of sensitization induced in each group by its homologous antigen 
differed, the results  in  Table II are  not  entirely comparable in  the  vertical 
columns, but rather should be compared along the horizontal. 
Landsteiner has pointed out (3) that antibody specificity is such that sera 
prepared against anionic haptens show little or no cross-reaction with "neutral" 
haptens,  and sera against  the latter haptens usually fail to cross-react with 
anionic test haptens. We have examined this aspect of the problem with respect 
to delayed hypersensitivity. Groups of guinea pigs were sensitized with either 
X~-azoGpA,  Xfthiocarbamido-GpA,  p-nitrobenzeneazo-GpA,  or  p-nitro- 
benzoyl-GpA, and  then skin-tested  with  each of these antigens.  These data 
are presented in Table III. It is clear from this experiment, in confirmation of 
earlier observations, that the mode of linkage of an antigen to its carrier protein 
is all-important.  Thus, no cross-reaction is found between p-nitrobenzeneazo 1058  ANTI-HAPTEN SPECIFICITY 
and  p-nitrobenzoyl  antigens,  or  between  azobenzoate  and  thiocarbamido- 
benzoate antigens.  Interestingly,  there  does  exist a  cross-reaction elicited  by 
p-nitrobenzeneazo  antigen  in  azobenzoate-GpA-sensifized animals,  and  con- 
versely, the elicitation of a  positive skin test by azobenzoate-GpA antigen in 
p-nitrobenzeneazo-GpA-sensitized  animals.  The  cross-reaction  of  the  former 
system is seen to be greater than that shown by the latter. 
At  first  sight,  the  absence  of  cross-reactions  between  p-nitrobenzoyl  and 
thiocarbamidobenzoate  conjugates  appears  to  be  anomalous,  since  both  of 
these  haptens  are  coupled  to  the  free  amino  groups  of  the  carrier  protein. 
However,  the  thiocarbamido  linkage  involves  an  additional  amino  group 
separating the hapten from the carrier. Of perhaps greater significance to the 
specificity, however, is the fact that the orientation of the benzene rings in the 
two conjugates with respect to  the carrier protein differs, so that  the spatial 
TABLE III 
Ddayed Hypersensitivity Cross-Reactions between p-Benzoate and p-Nitrobenzene Conjugates 
Sensitizing antigen-GpA conjugate of 
p-azobenzoate  ................... 
p-NCS-benzoate  ................ 
p-nitrobenzeneazo  .............. 
p-nitrobenzoyl ................. 
Skin test anfigen-GpAconjugate  of 
p-azo benzoate 
8.6 
0 
4.3 
0 
p-NCS-benzoate 
0 
15.8 
0 
0 
p-nitroben- 
zeneazo 
6.2 
0 
12.0 
0 
p-nitrobenzoyl 
0 
0 
0 
10.5 
configurations of the two hapten conjugates are in reality appreciably more dis- 
similar than might appear at first sight. 
The  Partial Desensitization  of Delayed  Hypersensitive  Animals  with Cross- 
Reacting Antigens.--It has been demonstrated repeatedly  in the past that the 
in vitro absorption of antibodies by cross-reacting antigens can furnish valuable 
information on the specificity of the antibody reaction,  and on the diversity of 
antibodies produced in response to antigenic stimulus. We have demonstrated, 
in the previous communication (1), that the analogy of this situation in the de- 
layed  hypersensitivity  system is  the  in  vivo desensitization  procedure.  This 
technic was applied to the study of the heterogeneity of specificities elicited in 
the delayed hypersensitive animal by hapten-protein conjugates. 
Three groups of guinea pigs were made delayed hypersensitive to GpA-azo conjugates of 
either Zo, 7_~, or Zp. They were skin-tested with 10 gm doses of all three conjugates 8 days 
later, and then separated into balanced groups and desensitized with 4 to 5 nag of the desired 
conjugate. The effect of the desensitizations so induced was studied by repeating the skin 
tests, again with three conjugates. These data are contained in Table IV. ARTHUR  M.  SILVERSTEIN AND  P.  G.  H.  GELL  1059 
TABLE  IV 
Effect of Desensitization of Guinea Pigs Sensitized udth GpA-Azobenzenesulfonate Conjugates 
using Ortho-, Meta-,  and Para-Azobenzenesulfonate (Zo, Z,~, Z~,) Conjugates: Mean 
Reaaion Diameters 
Animals sensiti~ 
Before desensitization. 
roses to 
Z~GpA 
gttm 
7 
Desensitized with: 
Zo-GpA ............  0 
Z~-GpA  ............  0 
Zr-GpA ............  0 
Animals ~.asitiz~ 
Before desensitization. 
Desensitized with: 
Zo-GpA ............  5 
Z,,,-GpA ............  1" 
Z~-GpA ............  0 
Animah ~nsiti~ 
Before desensitization.,  12 
Desensitized with: 
Zo-GpA ............  10 
Z~-GpA  ............  12 
Z~-GpA ............  0 
Skin test doses, 10/~g: desensitization doses, 4 to 5 mg. 
* In each of these groups, 1 animal retained some degree of response after desensitization. 
The first group of results show that in Zo-sensifised animals,  the conjugates 
yielded skin tests in order of decreasing size Zo >  Z= >  Zp. As expected, de- 
sensitization of these animals with the homologous Zo conjugate resulted in the 
disappearance of reactively both to the homologous and to the cross-reacting 
antigens.  When the ortho-sensitized  ~nlmals  were desensitized with the meta 
conjugate, the anti-ortho  response was unchanged,  while  both  the  meta  and 
para specificities  disappeared.  Ortko-sensitized  animals  desensitized with  the 
para conjugate left residual ortho and meta activity, only the anti-para activity 
being affected. 1060  ANTI-HAPTEN SPECIFICITY 
The desensitization results in the groups of animals sensitized with Zm and Z~ 
conjugates  are  less  clear-cut,  since  the  desensitization was  not  complete  in 
every animal. However, the over-all tendency is dearly discernible. In animals 
sensitized to the meta conjugate, ortho desensitization served to suppress  the 
anti-ortho skin reaction markedly, and to lower the anti-para  activity moder- 
ately. Desensitization of rneta-sensitized animals with the para antigen on the 
other hand, completely suppressed anti-para  activity, while lowering the anti- 
ortho activity to some degree. 
The trend in the desensitization of guinea pigs sensitized to the para conju- 
gate presents the obverse situation to the results obtained with ortho-sensitized 
animals. Para-sensitive  animals desensitized with ortho antigen lost only anti- 
ortho activity,  the  anti-recta  and  anti-para  activities  not  being  appreciably 
affected. Para-sensitive  animals desensitized with meta antigen lost almost com- 
pletely their anti-ortho  and  anti-recta  responses;  anti-para  activity remained 
unaffected. Desensitization of these animals with the homologous para antigen, 
as expected, suppressed completely both the cross-reactions and the homologous 
skin tests. 
DISCUSSION 
Earlier studies  (1, 5) have pointed out that the mechanism of delayed hypersensi- 
tivity appears to require for its activation a  functional antigenic  determinant ap- 
preciably larger than the hapten itself. Thus, while the simple chemical hapten has 
been shown to interact with the anti-hapten antibody (6), and a synthetic divalent 
hapten may suffice to give a precipitin reaction (7) or to elicit anaphylactic shock (4), 
the same is apparently not true of the delayed response to hapten-protein conjugates. 
In this case, neither the hapten coupled to an unrelated carrier,  nor the homologous 
carrier itself,  can initiate the delayed inflammatory reaction; rather, the two must 
act in concert, and must possess the same linkage of hapten to carrier.  In this situa- 
tion, the small hapten appears to contribute to the total determinant a  relatively 
smaller proportion of the specificity than is true at any rate of hyperimmune rabbit 
antibodies. 
The data presented in this paper illustrate some of the consequences of an 
immunological anti-hapten mechanism in which the role of the hapten is, if not 
subservient, at least not dominant or exclusive in defining the over-all specificity 
of the antigenic determinant. The results indicate that the cross-reactions ob- 
served among the ortho, raeta, and para isomers of benzoic acid, benzenesulfonic 
acid, and benzenearsonic acid are more extensive than those observed in rabbit 
precipifin reactions (3) or hapten inhibition studies (4). More striking still are 
the  cross-reactions among  the  different systems  themselves.  Landsteiner  (3) 
indicated that, except for minor cross-reactions among the meta members, there 
was  no  significant  interaction  among  the  benzoate,  benzenesulfonate,  and 
benzenearsonate systems. In their study of hapten inhibition of specific precip- ARTHUR  M. SILVERSTEIN AND  P. G. H. GELL  1061 
itation, Pressman and coworkers (4) found that benzenesulfonate and benzene- 
arsonate did not combine with antibodies to the benzoate group, and benzene- 
sulfonate and benzoate did not combine with antibodies to the benzenearsonate 
group. We may contrast the results cited above for rabbit antibody systems 
with those illustrated in Table I for the delayed hypersensitivity mechanism in 
guinea pigs, in which conjugates of the same haptens were employed. Here we 
find an  appreciable  degree  of  cross-reaction between benzoates,  benzenesul- 
fonates, and benzenearsonates, when all are coupled to the same protein carrier. 
In keeping with  the general nature of immunochemical specificities  already 
made clear by antibody studies, it is not surprising to observe that in general, 
ortho-substituted  compounds  cross-react  better  in  ortho-sensitized  animals, 
meta compounds cross-react best in meta-stimulated animals, and para  com- 
pounds cross-react best in para-sensitized animals. Again, it was found that in 
para-sensitized  animals, the order of efficacy of the cross-reactious of the com- 
pounds was para > meta >  ortho, while in the or/ho-stimnlated animals the order 
of reactivity was ortho >  meta >  para. The data in Table II on the cross-reac- 
tions shown by the non-ionic nitrobenzeneazo conjugates illustrate the general 
nature of this effect. 
The data on the hapten specificity of rabbit antibodies which we have quoted 
above suggest that the specificity of the delayed reaction in guinea pigs is indeed 
less dependent upon the exact structure of the hapten; the delayed cross-reac- 
tions in the ortho-meta-para series are somewhat greater, and between benzoates, 
sulfonates, and arsonates very much greater than one would expect from the 
cross-reactions of antibodies. But no final conclusions can be drawn as to real 
differences between  the  specificity of delayed reactivity and  of antibody as 
such, for three reasons: (a)  there may well be differences between the rabbit 
and the guinea pig in the over-all specificity of their immune mechanisms, (b) 
the rabbit antibodies studied were a selected population in that the animals were 
immunized with hapten on one (foreign) protein and tested with hapten on 
another,  and  (c)  there is some evidence that  the characteristics of antibody 
change with time after initial exposure to antigen, and the same may also be 
true  of delayed reactivity.  Preliminary experiments  do indeed  suggest  that 
guinea pig delayed reactions are rather less hapten-specific than are guinea pig 
antibody reactions, as they are certainly more carrier-specific  (1), but far more 
data needs to be collected before any generalization can be made. 
Table IV illustrates the data obtained in desensitization experiments. Ani- 
mals sensitized to  ortho-azobenzenesulfonate-GpA  are only partially desensi- 
tized with the para-azobenzenesulfonate  conjugate, such  that anfi-ortho and 
anti-meta activity remains, only the anti-para disappearing. Desensitization of 
similar animals with the meta conjugate causes both para and rneta-directed 
reactivity to disappear, while desensitization with the homologous ortho conju- 
gate eliminates all of the reactions. Similarly, para-sensitized  animals may be 1062  ANTI-IIAPTEN SPECIFICITY 
desensitized in a step-wise fashion. The ortho conjugate reduces anti-ortho activ- 
ity, the meta compound reduces both anfi-ortho and anti-rt~ta cross-reactions, 
while  the  homologous para  antigen  eliminates  all  delayed  hypersensitivity 
reactions. 
These data suggest that the delayed hypersensitivity response is, like that of 
antibody production,  characterized by a  heterogeneity of reactive elements. 
Insofar as the mononuclear cell may be described as being the "carrier" of de- 
layed hypersensitivity, and desensitization considered as the "neutralization" 
of such cells,  it would appear that the state of delayed hypersensitivity to a 
given determinant involves the production  of a  heterogeneous population of 
sensitized cells. This population seems to include some cells which respond very 
specifically to the homologous conjugate, and presumably do not participate to 
any great extent in cross-reactions, and other cells which are less well fitted to 
the homologous determinant, and may therefore cross-react with other related 
structures. The ability to effect a step-wise neutralization of this cell population 
suggests that numerous cell types are involved, and that, as with antibodies, 
there may exist a spectrum of cell specificities more-or-less centered around the 
homologous structure. To put this in other terms, it appears that the  mecha- 
nism of induction of delayed hypersensitivity may result in the activation of a 
large number of cells able to participate in the inflammatory reaction, but with 
slightly differing specificities. It is noteworthy that  the cells reacting to, for 
example, ortho-benzenesulfonate antigen in the ortho-sensitized animals must be 
different in kind from those reacting with ortho antigen in the meta- or para- 
sensitized animals, as judged by the effects of desensitization (Table IV). Land- 
steiner pointed out the existence of the same variation of response in the study 
of anti-hapten  antibodies  (3).  The existence of such differences in specificity 
among cells  against  a  given  hapten  depending  upon whether  the  hapten  is 
homologous or cross-reacting would appear to constitute a  modest argument 
against the operation of a clonal selection mechanism. If only a finite number of 
potential clones are available, one would expect a greater precision among the 
specificities selected against a  single antigen, rather than an apparently con- 
tinuous spectrum of heterogeneously reacting cells. 
A set of observations made incidental to the present study bears on the ques- 
tion of the relation of delayed hypersensitivity to antibody production. 
No  correlation was  found  (unpublished  observations)  between  the a ,ility  of a 
hapten-protein conjugate to induce delayed hypersensitivity and the ultir~ ~te extent 
of antibody production attained by the sensitized animals. It was frequent) observed 
that animals highly sensitive to a given conjugate would not spontaneously go over 
into antibody production; indeed, boosting with homologous antigen was often found 
to be unaccompanied  by the formation of detectable antibody. On the other hand, 
others of the hapten-protein-sensitive animals went over into the production of ap- 
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those of Leskowitz and Waksman (8), who found that the production of appreciable 
amounts of antibody by immunized animals was not invariably preceded by com- 
parable states of delayed hypersensitivity. 
We have indicated  that  the  reactions shown  by this system are in general 
similar to those found in other immunological systems. There persists, however, 
a paradox unexplainable in terms of our present knowledge of immune reactions. 
This concerns  the apparent requirement for both hapten and homologous  carrier 
protein acting together in order to elicit the delayed skin response,  or to effect de- 
sensitization.  In view of the data presented in  this and  the previous (1)  paper, it 
seems necessary to postulate that the antigenic determinant encompasses  both the 
hapten and an appreciable portion of the adjacent carrier protein surface,  and that 
both contribute to the interaction energy which triggers the delayed reaction. If this 
were true, it would be expected that one or the other of the two contributors, might 
"cross-react" sufficiently  on its own with  some sensitized  cells to allow  at least a 
minimal delayed reaction to proceed.  Benacerraf and Gell (9) found that very large 
skin test doses of picryl ovalbumin could produce reactions in picryl GpA-sensitized 
animals; thus a sufficiently intense stimulus can gather up enough ceils with a narrower 
specificity to show a visible skin reaction. But desensitization  studies, reported in this 
and in our previous (1) communication, indicate that the majority of sensitized  cells 
do not respond at all except to the right hapten on the right carrier: or at least that 
injection of large amounts of a conjugate heterologous  in one or another of these ways 
is unable to "neutralize" them. Thus, although the results in our previous communi- 
cation show that the protein carrier used for immunization, in this case homologous 
guinea pig albumin, plays a  vital role in  the specificity  of the reaction, and must 
therefore, one would suppose, carry an appreciable proportion of the binding energy, 
animals are not desensitized  to the carrier effect by relatively enormous amounts of 
their own circulating albumin (though here it may be argued  that haptenization  is 
sufficient to distort the native albumin pattern), nor by fairly large amounts of hap- 
tenized  GpA.  For  example,  desensitization  of  o-azobenzenesulfonate-sensitized 
animals with as much as 4 mg of p-azobenzenesulfonate-GpA, though it abolishes the 
cross-reaction, has no effect on the size of the homologous reaction (Table IV). This, 
moreover, occurs in spite of the fact that these antigens can stimulate the production 
of many ceils which show mutual hapten-dependent cross-reactions,  a fact which has 
led us to postulate a concentration of specificity on the hapten relatively less than that 
characteristic of antibody. 
Possible explanations for this paradox may be either  that  both hapten  and 
carrier protein must intervene, but at different stages, in the activation of the 
responsive sensitized cell, or that  this  activation requires  a  certain minimum 
of interaction energy between the antigen and the antibody-like receptor of the 
cell,  and that neither carrier nor hapten alone may provide sufficiently strong 
interaction to trigger the response of most of the sensitized cells.  More quanti- 
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SUMMARY 
The cross-reactions of conjugates carrying structurally related haptens have 
been studied in guinea pigs with delayed sensitivity to hapten-protein conju- 
gates. The specificity of the delayed reaction has been found to be a function 
both of the nature and of the position of the subsfituent on the benzene ring; 
the cross-reactions shown in the delayed system, however, have been found to 
be appreciably more extensive than those reported for rabbit antibody systems 
employing identical haptens. This finding supports the earlier suggestion that 
the determinant in the delayed system is functionally larger than that required 
for reaction of antigen with conventional antibody. 
Desensitization studies with cross-reacting antigens have indicated that the 
delayed hypersensitivity response  is  characterized  by  the  production  of  a 
heterogeneous population of cells, all more or less closely adapted to the struc- 
ture of the homologous hapten conjugate. 
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